Abstract In this study, we evaluated the effect of addition of non-volatile compounds (sodium sulfite, tartaric acid, tannin, and glucose) on the rheological properties, release of aroma compounds, and color of the red wine. While determining the rheological properties of the supplemented samples, non-Newtonian fluidic and shear-thinning behavior of samples was noticed. The viscosity of these samples was found in negative correlation with the dose of addition of various non-volatile substances. The aroma profile of red wine after additions showed the change in the release of the nine key aroma compounds. Among them ethyl hexanoate, phenylethyl alcohol, octanoic acid, diethyl succinate, and ethyl octanoate were profoundly increased. Further, the color of red wines was improved in the presence of tartaric acid and tannin. Overall, supplementation of various substances during storage period of three different wines could enormously affect the sensory characteristics in a dose dependent manner.
Introduction
Due to extremely short harvest period and shelf life of grape, it is not easily preserved and not very suitable for carriage since it is prone to spoilage at room temperature. For extending shelf life, postharvest grapes have been processed quickly in the forms of various grape products among them red wine has been the most widespread and popular drink across the globe. Nowadays, China is recognized at third rank for red wine consumption after France and Italy, and the sale quantity of red wine has been increased over the years due to high living standards and improved preference of the people for different kinds of red wines (Liu et al., 2014) . Besides excellent taste and sensory properties, the grape red wine is famous for its biological activities such as aiding in improved digestion and nourishment of the skin (Yoo et al., 2011) , imparting antioxidant activity (Tauchen et al., 2015) , inhibiting cancer and cardiovascular disease (Greyling et., 2016) and possessing bacteriostatic and anti-viral activity (Friedman, 2014) .
In the process of production and storage of red wine, some edible compounds are generally added such as Na 2-SO 3 for removing oxygen (Isaac et al., 2006) , tartaric acid for acidizing red wine (Gomez et al., 1993) , tannin as a stabilizer (Laguna et al., 2017) and glucose as exogenous substrate in fermentation progression (18 g/L of sugar is fermented into 1% alcohol). It is reported that, besides removing oxygen, Na 2 SO 3 could be used as an essential preservative to prevent microbial spoilage and extend the shelf life (Spricigo et al., 2010) as well as inhibit the browning reactions and improve the overall quality of the red wine (Guan et al., 2011) . Similarly, acidity in red wine brewing process may be lower which produces an unlikely taste. Therefore, acidizing red wine is an important step in red wine making to attain the certain levels of acidity with pleasant taste for wide consumers' acceptability. Further, tannin has been reported to promote the stability of red wine by removing metal ions and lowering the content of aldehydes materials (Picariello et al., 2016) besides its bacteriostatic action (Sekowski et al., 2017) . On the other hand, glucose as source of energy or substrate material for yeast used in the required fermentation is mainly resolved into ethyl alcohol and water through glycolysis.
The rheological behavior of wines has not been extensively discussed. The basic rheological properties of wine have been evaluated in only a few works. Kosmerl et al. (2000) studied the thermophysical and chemical properties of wine, especially the density and viscosity data. In another study, wines produced from the grapes collected in the Czech Republic were examined for their rheological attributes (Trávnícek et al., 2016) . Seven out of the eight samples behaved as non-Newtonian fluids at low temperature (5°C); non-Newtonian behavior was changed into Newtonian at the temperature higher than 10°C; nonNewtonian behavior was characterized as thyrotrophic behavior. Density and viscosity are properties that exert great influence on the body of wines. Neto et al. (2015) studied the effect of ethanol, dry extract and reducing sugars on density and viscosity of Brazilian red wines. Wine viscosity decreased with increasing temperature and density was directly related to the wine alcohol content, whereas viscosity was closely linked to the dry extract. Till date, the studies related to red wine were mainly focused on the design and optimization of brewing process, separation and identification of aromatic substances as well as identification of active substance in red wine. Sagratini et al. (2012) reported that main aroma volatile compounds largely responded to the aroma profile of Montepulciano wine samples, including 15 esters, five alcohols and three acids as well as seven phenols including gallic acid and caffeic acid etc. Another study quantified the contents of glutathione, catechin, and caffeic acid in grape juice and red wine by using novel ultra-performance liquid chromatography method (Fracassetti et al., 2011) . However, the reports about fluid characteristics of red wine are less studied. Previously known that the level of bioactive compounds in grapes is influenced by cultivars which ultimately affects the red wine quality (Ni et al., 2017) . But the effect of additions of different compounds in red wine on fluid property, visual sense, and aroma improvement are still unknown. So far, our study is first of its kind to evaluate the effects of several non-volatile substances in a dose dependent manner on the color, rheological property, and the release of aroma substances.
Materials and methods

Samples
The red wine samples including Gernischet (2013, 2014, 2015) , Sauvignon (2013 Sauvignon ( , 2014 Sauvignon ( , 2015 and Merlot (2015) were provided from the chateau of Xixia King in Yinchuan City, Ningxia Province, China. All these samples were stored in a thermostat at a temperature ranging from 13 to 18°C until the further analysis.
Chemicals
Chemical standards of the volatile substances including ethyl alcohol, ethyl acetate, 1-hexanol, ethyl hexanoate, phenylethyl alcohol, octanoic acid, diethyl succinate, ethyl octanoate, and ethyl decanoate were purchased by SigmaAldrich Co., Ltd (Shanghai, China). Tannin (food grade) was purchased from Shanghai Macklin Biochemical Co., Ltd (Shanghai, China). Na 2 SO 3 , Tartaric acid, and Glucose (food grade) were purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). Distilled water was obtained from Hefei Corning specific water treatment equipment Co., Ltd (Hefei, Anhui, China).
Experimental design and sample pretreatment
A modified red wine system was completed by adding nonvolatile substances into the red wine to study the change of the color, rheological property, and the release of volatile compounds in red wine samples. Four non-volatile components (0.1% and 1% Na 2 SO 3 , 0.1% and 1% tartaric acid, 0.1% and 1% tannin, and 1%, and 20% glucose) were added into each red wine with two specific doses (low and high), respectively (Supplemental Table 1 ). After supplementation, all the wine samples were stored at room temperature for 24 h. The normal red wine without any addition or removal was used as control for the study.
Rheological measurements
Several methods have been designed for measurement of the rheological behavior of substances with different types of measurements such as concentric cylinders, cones, and plates (parallel plates) (Vítěz and Severa, 2010) . Steadyshear rheological measurements were carried out at 25°C using a Discovery Hybrid Rheometer-3 (DHR-3) (TA instruments, New Castle, Texas, USA) equipped with a parallel plate (diameter 40 mm). The flow curves were modeled using the following model (Zhu et al., 2016) :
where s represented shear stress (Pa), K was consistency coefficient, n was flow behavior index and c was shear rate (s -1 ). The experiment was performed at an interval of the shear rate from 0.01 to 1000 s -1 at 25°C.
Rheological properties of red wine
Red wine samples, including Gernischet (years of manufacture were 2013, 2014, 2015) , Sauvignon (2013 Sauvignon ( , 2014 Sauvignon ( , 2015 and Merlot (2015), were placed into sealed glass vials and allowed to stand for 24 h at the room temperature. The apparent viscosity of all the samples was determined with a range of shear rate from 0.01 to 1000 s -1 at 25°C.
Effect of additions on rheological property of red wine
After addition of high and low doses of the non-volatile substances into each red wine (Gernischet 2015) , it was sealed into a glass vial for 24 h under continuous stirring to ensure complete solubilization. Viscosity flow curves were determined over the range of 0.01-1000 s -1 at 25°C (Shi et al., 2016) .
Analysis of volatile substances
The headspace solid-phase micro-extraction (HS-SPME) technique and chromatographic conditions were carried out according to the previously described methods with a little modification (Arcari et al., 2017) . The chromatographic separation was performed using a DB-1 column (0.25 mm 9 30 m 9 0.25 lm) with an Agilent gas chromatography-mass spectrometry (GC-MS) (7890A-5975C) (Agilent Technologies Co. Ltd., Santa Clara, California, USA). For this, red wine samples (10 mL) were placed into headspace vials sealed with a silicone septum to isolate free and glycosidically bound flavor compounds. Then after, a fiber comprising of 50/30 lm DVB/CAR/PDMS (Supelco Inc, Bellefonte, Pennsylvania, USA) was inserted into the headspace for 30 min at 40°C. Conditions of HS-SPME and chromatography were as followed: temperature of the GC injector and the transfer line were both set at 250°C with a constant flow of 1.0 mL/min for the carrier gas of Helium (99.999%). The split less injection of 1.0 lL was used. The following temperature raising procedure was used for DB-1 column: after 5 min at 50°C, the temperature was increased by 6°C/min to 150°C and then raised at 8°C/min to 200°C and finally held for 7 min. The mass parameters included electron -70 eV, an ion source temperature of 230°C, and a quadrupole temperature of 150°C with a mass range of m/z 33-600.
Color measurements in red wine samples
For the measuring the color change in red wine, the samples were placed in vials at room temperature for 24 h after the additions of non-volatile substances with an aim to measure specific doses and the color intensity. The red wine bottles were glass sealed with rubber stopper to keep them airtight and surrounded with aluminum foil to avoid the direct contact with light. Then after a certain volume of red wine samples was taken out and collected respectively for the measurement of the color indexes. Color characteristics of the samples were determined by measuring the absorbance of samples at 420, 520, and 620 nm, respectively using A SP-752 UV-Visible Spectrophotometer (Shanghai Spectrum Instruments Co., Ltd, Shanghai, China) with a 1-mm path-length quartz cuvette. Red wine color (WC) was determined by absorbance at 520 nm. Color density (CD) was calculated by the average of the absorbance at 420, 520, and 620 nm. Colorhue (CH) was determined as the ratio of the absorbance at 420 and 520 nm; and the proportion of yellow (%Ye), red (%Rd), and blue color (%Bl) were calculated by the proportion of the respective absorbance at 420, 520, and 620 nm to the color density .
Statistical analysis
Statistical analysis was performed using SPSS 18.0 software. A Pearson correlation test was conducted to determine the correlation between variables. Duncan's significance test at a significance level of p \ 0.05 was carried out to determine the significant differences among mean values.
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Results and discussion
Rheological properties of red wines from Xixia King Chateau
Flow experiments provided various rheological consequences among the tested red wine samples. Figure 1 showed that the viscosity diminished gradually with the increase of shear rate, which indicated the shear-thinning behavior for all tested red wine samples. The value of two rheological parameters including consistency coefficient (K) and flow behavior index (n) were presented in Table 1 .
All the values of flow behavior index (n) were less than 1 which proved the shear-thinning and non-Newtonian behavior of the red wine samples (Trávníček et al., 2016) . Our results concerning the non-Newtonian pseudoplastic behavior of red wine samples agreed with the previous studies (De Castilhos et al., 2018) . Higher K value indicated the higher apparent viscosity. Results showed a wide range of K value among the red wine samples (from 0.0173 to 0.0575) which indicated that apparent viscosity of red wine sample (Gernischet 2015) was the highest among all the red wine samples. Particularly, the age of the red wine has significantly affected the apparent viscosity. The red wine manufactured in 2015 possessed the higher consistency coefficient (K) which ultimately resulted into higher apparent viscosity as compared to the old red wines (based on year of manufacture).
Effect of addition of non-volatile compounds on rheological property of red wine samples Several common and esculent compounds (including Na 2-SO 3 , tartaric acid, tannin, glucose) which are mainly used in vinification process of grape red wine and other fruits wines were studied for the rheological property of red wine samples as shown in Figs. 2 and 3 . The results showed that the viscosity of the control sample was higher than the red wine samples after additions which indicated decreased viscosity with higher dose of addition (Fig. 2) . Figure 3A manifested that these additions could reduce K value and lower the viscosity of red wine with different downtrend. Viscosity declined rapidly with addition of lower dosage of Na 2 SO 3 , tannin, and glucose; while, adding lower doses of tartaric acid caused slow decrease in viscosity which further decreased with high doses and tartaric acid at higher concentrations led to the lowest viscosity values. The n value of all the red wine samples containing non-volatile substances was higher than the control sample (Fig. 3B) .
The red wine sample with 20% added glucose displayed the highest n value besides the least K value among all samples. Moreover, n value was raised with the increased concentration of non-volatile substances in red wine samples. Among them, 20% glucose had shown largest change which was nearly two times of red wine sample with 1% glucose and three times of control sample. Nevertheless, all the values of n were less than 1, which illustrated that additions had negligible effect on fluid property of red wine samples.
Effect of addition of non-volatile compounds on release of main aroma compound of red wine samples
Aroma components in control samples were analyzed by GC-MS, and the total ion chromatogram of aroma components in control red wine samples was depicted in Supplemental Fig. 1 . A total of 18 main aroma compounds were detected which were confirmed by GC-MS, including one acid, eight esters, four alcohols, and five hydrocarbons. For this result, there was a little difference than previous study but it was in accordance with the previous finding (Sánchez-Palomo et al., 2017). Determination of volatile flavor has been an important indicator and standard evaluation for acceptability and popularity of almost all the foods. The variation of the release of each aroma compound in as percent rate of content of counterpart compounds in control was compared with the red wine samples. The samples containing ethyl alcohol, ethyl acetate, 1-hexanol, ethyl hexanoate, phenylethyl alcohol, octanoic acid, diethyl succinate, ethyl octanoate, and ethyl decanoate were shown in Table 2 . The results were found consistent with the previous study which reported the many aroma components containing esters (50), alcohols (50), terpenes (44), acids (19), aldehydes Effect of sodium sulfite, tartaric acid, tannin, and glucose on rheological properties… 399 (15), ketones (13), lactones (8), phenols (7), furans (7) and sulfur compounds (7) (Nicolli et al., 2017) . Compared to control sample, average release of eight volatile substances generally revealed an increased trend with smaller amplitude for other eight samples, despite existing small fluctuations. Among all the samples, the red wine sample with 0.1% Na 2 SO 3 could inhibit the volatile flavor release (accounted for 88.32% of the control sample). However, the average release of volatile substance was least affected by the additions as well as their doses as compared to control sample. In case of ethyl alcohol and ethyl acetate release, there was not much significant effect of additions. Furthermore, there was drop trend behavior along with a little fluctuation for other additions on release of volatile in general. However, for ethyl hexanoate, ethyl hexanoate, and diethyl succinate, there was a significant difference on release of volatile compound in relation to these additions. Besides, the dose of additions had the stronger positive correlation with the release of ethyl hexanoate, ethyl hexanoate, and diethyl succinate. Additions consisting of tartaric acid, tannin, glucose, and low concentration of Na 2 SO 3 could strengthen the release of octanoic acid. On the contrary, 1% Na 2 SO 3 had a negative correlation with the release of octanoic acid, which was attributed to a series of complex redox reactions with substances in red wine due to reducibility of high dose of Na 2 SO 3 . In addition, except 0.1% tartaric acid, other additions increased the release of 1-hexanol. Meanwhile, with the greater dose, the higher release was observed especially for 1% tannin where the release of 1-hexanol was nearly 30 times of the control sample. Whereas the release of 1-hexanol was only 77.90% of control sample for 0.1% tartaric acid. In terms of phenylethyl alcohol, glucose could increase its release while tannin had an opposite effect with small effect for tartaric acid. In addition to this, ethyl decanoate was detected for the samples added with tannin and glucose. Aroma compounds are important factors that affect grape flavor and quality, and contribute to the sensory character of wine. Previous study demonstrated that nonvolatile composition of wines robustly influenced the volatility of wine aroma compounds which further affected its physicochemical properties (volatility and hydrophobicity) (Rodríguez-Bencomo et al., 2011) . The presence of nonvolatile substances in wines contributing to wine quality is a critical subject in current enological research. Studies have reported that wines were evaluated as highquality wines by experts based on the presence of higher concentrations of these substances (Sáenz-navajas et al., 2010) . Many studies have revealed the role of fruits and microbial glycosidase (non-volatile substances such as bglucosidases, esterases, phenolic acid decarboxylases and citrate lyases) for contributing the aroma to grape wines (Cappello et al., 2017) .
Another study demonstrated the effect of vine foliar treatments on the release of aroma compounds in grape wines and observed that glycosidically-bound aroma precursors were released in the wines over the sampling period (Pardo-garcía et al., 2014) . Previous study reporting the effect of methyl jasmonate (plant-specific elicitors signaling molecules that activate several important physiological and developmental processes) on the aroma of Sangiovese grapes and wines showed the delayed grape technological maturity and a significant increase in the concentration of The change of release quantity of aroma compound in modified red wine samples was expressed by the percentage of the release quantity in the control sample ?, -represents the aroma component could be detected and not detected respectively *Represented the release of aroma compounds differ from control significantly (p \ 0.05) several berry aroma classes (monoterpenes) (D'Onofrio et al., 2018) .
Effect of addition of non-volatile compounds and their dose on the color characteristics of red wine samples
Among the organoleptic properties of any foodstuff or beverage, color is the first one that decides consumer's acceptance (Cesa et al., 2017) . After adding Na 2 SO 3 in red wine samples (Gernischet, Sauvignon and Merlot), WC, CD, BI, %Rd, and %Bl were significantly lowered than control samples; while, CH and %Ye were obviously higher than the control samples. Moreover, with the higher dose of Na 2 SO 3 , the faster decline of WC, CD, BI, %Rd, and %Bl was observed as shown in Table 3 . These results revealed that Na 2 SO 3 could significantly inhibit the color of red wine and escalate the yellow tones which might be due to some complex chemical reactions or pigment degradation with decolorization of Na 2 SO 3 , resulting in decreased visible spectrum especially at the absorbance 520 nm and 620 nm. As reported previously, phenolic substances serve as main color materials in red wine. One reason for fading the color of red wine may be due to inhibition of the polymerization and agglutination of pigment substances by Na 2 SO 3 (Czibulya et al., 2015) . The opposite effect of Na 2 SO 3 was reported after addition of tartaric acid and glucose which could obviously intensify the WC, CD, BI, %Rd, and %Bl with decrease of CH and %Ye. Moreover, the changing trends of these red wine color indexes were coinciding with the changes in the doses of these additions. As mentioned above, deep color Table 3 Effect of addition of non-volatile compounds and their content on the red wine color (WC), color density (CD), browning index (BI), color hue (CH), %Ye, %Rd, %Bl of red wine (Xixia King, 2015) Addition (w/v %) of red wine could be caused by the polymerization and agglutination of pigment substances. Therefore, tartaric acid and glucose could enhance the polymerization and agglutination of pigment substances, sequentially improving and deepening the color of red wine. However, glucose had a positive effect on the color of three red wine samples (Gernischet, Sauvignon and Merlot). Overall, the changes in color index of all the red wine samples were not obvious after addition of glucose. It was relatively significant that the values of WC, CD, BI, %Rd, and %Bl were increased initially and then decreased by raising of dose of tannin, but the value of CH and %Ye decreased following the increase of tannin. This might be due to the positive effect of tannin on agglomeration of pigment. But with the increasing dose of tannin, the red wine color index including WC, CD, BI, %Rd, and %Bl could decrease due to the coagulation sedimentation for tannin (Bindon et al., 2014) . During red wine-making and aging, several reactions take place among them oxidation is one of the important phenomena which leads to decreased color stabilization. In previous study, the red wine samples administered with a higher dose of tannins showed a marked improvement of color intensity with oxidation mainly due to an increase in polymeric pigments (Picariello et al., 2016) .
Another study reported the effect of two commercially available maceration enzymes and two enological tannins on chromatic characteristics, color stability, and sensory properties of Monastrell wines. The authors reported the highest differences at the beginning of the winemaking process which diminished in the finished wines. As compared to enzymes treated wine, tannins had shown no improvement in the chromatic and sensory characteristics of the wines, besides resulting into deep yellow color and lower scores in the color, aroma, and sensory characteristics, accompanied by a higher astringency, dryness, and bitter sensory sensations (Bautista-ortín et al., 2005) .
Effects of addition of non-volatile compounds (sodium sulfite, tartaric acid, tannin, and glucose) on the rheological properties, release of aroma compounds, and color of the red wine were experimentally detected. It was found that supplemented samples showed non-Newtonian fluidic and shear-thinning behavior which indicated the dependence of apparent viscosity on the shear rate of selected red wine samples. The viscosity of these samples was found in negative correlation with the dose of addition of various non-volatile substances. Besides, the rheological attributes, the sensory characteristics such as aroma profile and color of red wines were also improved after specific additions. The effects of the various additions on the color, aroma, and taste would help to further explore the exact content required and their mechanism of action to obtain the optimal conditions for best sensory characteristics of red wines.
